A novel hybrid nanofiller, SiO 2 @POSS, where the silica nanoparticles (NPs) and the POSS belong to the same functional structure, has been synthesized by grafting different loadings of OctaMethacrylPOSS onto silanized commercial SiO 2 , using a surface reaction mediated by dicumylperoxide (DCP). The peroxide, besides anchoring the nanocages onto the silica surface, ensures the presence of methacryl functionalities in the final structure, which are still available for cross-linking reactions with a polymer host. The hybrid SiO 2 @POSS NPs were used to prepare, by ex situ blending, SBR nanocomposites. The dynamic-mechanical analysis performed on the cured SBR/SiO 2 @POSS composites indicated that the presence of POSS induces a remarkable increase of modulus either at low or at high strain, and a considerable decrease of hysteresis. This has been associated with the peculiar hybrid structure of the SiO 2 @POSS filler, in which silica NP aggregates are partially interconnected and surrounded by a thin shell of POSS nanounits which, thanks to their high number of reactive functionalities, promote the formation of ''sticky regions'' among the silica aggregates and, consequently, a tight filler network wherein rubber is immobilized. This grants a relevant reinforcement and increased hysteretic properties, suggesting SiO 2 @POSS as a promising filler system for decreasing the energy loss under strain and for leading to a potential reduction of filler utilization in rubber composite formulations.
Introduction
The addition of silica nanofillers to elastomers is a common practice in the rubber industry to improve abrasion resistance and wet grip, and to reduce the rolling resistance. [1] [2] [3] [4] [5] [6] In this context, we reported that the fine tuning of size and shape in silica nanoparticles (NPs), along with their surface organic functionalization, favors filler interaction with the polymer and allows the formation of a homogeneous and continuous percolative filler network which enhances the mechanical properties of the ensuing composites. 7, 8 Recently, we also demonstrated that particles having an anisotropic shape are able to self-assemble in nanostructures inside the rubber matrix, providing an increase of the rubber immobilized at the filler/rubber interface and a consequent improvement of the mechanical properties. 9 These results suggest that the utilization of fillers with tailored structures and functionalities, able to simultaneously improve the filler networking and the filler-rubber interaction, increasing the amount of immobilized rubber, is a promising approach to obtain better mechanical properties of the composite and to limit the silica amount during compounding.
Polyhedral oligomeric silsesquioxanes (POSS) seem favorable candidates, thanks to their capability of suitably interacting with the polymer matrix through their organic functionalities. [10] [11] [12] [13] [14] [15] In fact, POSS constitute a unique family of molecular materials with zero-dimensionality (average size B1-3 nm), 10, 14, 15 composed of an inorganic silica-like core (Si 8 O 12 ) surrounded by eight covalently bonded organic (polar or non polar) groups (R 8 ). The high number of tunable organic functionalities on the same small unit provides a remarkable compatibility with the polymer matrix, due to the enhanced possibility of chemical or physical interactions at the polymer-POSS interface. 10, 15 These peculiar characteristics stimulated their utilizations in polymer nanocomposites as suitable units for enhancing a number of properties, i.e. tear strength, shear modulus, rigidity, and reduced flammability, while retaining their lightweight and a Dept. of Materials Science, INSTM, University of Milano-Bicocca, Via R. Cozzi, ductile features. 10, 16, 17 Commonly, POSS have been exploited as versatile nano-building blocks which, chemically bonded to the polymeric backbones through ''grafting from'', ''grafting onto'' or via (co)polymerization, act basically as cross-linking agents among the polymer chains. 10 For instance, the in situ copolymerization of POSS to produce hybrid organic-inorganic polymers with pendant POSS groups has been widely studied for both thermoplastics and thermosets, showing frequently improved thermal stability and physical properties. [18] [19] [20] [21] Recently, Matějka et al. 22 prepared rubbery epoxy-POSS hybrid composites with advanced reinforcement by incorporating and polymerizing a novel diepoxy-POSS monomer in an epoxy network. Many other studies demonstrated improved properties of polymer-POSS hybrid nanocomposites by exploiting the covalent bond between POSS functional groups and monomer/polymer chains. 23 However, these procedures often involve time-consuming syntheses, which restrict the large-scale utilization of POSS in marketable composites.
To overcome these issues, the possibility of preparing POSSpolymer systems by ex situ blending 10, 30 have been recently explored as an appealing, cost-effective and environmentally friendly alternative for the industrial development of hybrid elastomeric nanocomposites. 31 The key point of this approach is to facilitate the chemico-physical interaction between POSS and the matrix, by tuning the chemical structure of the organic groups covalently attached to the Si-O framework. 10, [24] [25] [26] [27] [28] [29] In this frame, Tanaka et al. 29 reported the mechanical properties of composites based on polystyrene, poly(methyl methacrylate), or ethylene-(vinyl acetate) incorporating POSS with different functionalities. It appears that unsaturated bonds on the POSS side chains favor a slight improvement of the thermal stability and the elasticity of the polymer matrix, thus suggesting the possibility to design effective POSS filled nanocomposites. However, during blending, strong self-interaction among POSS cages often occurs, leading to aggregation, phase separation, and in turn to properties comparable or even worse than the more conventionally filled polymers. 10, 11 To avoid these drawbacks, Kosmalska et al. 24 tried to improve the mechanical properties of butadiene-acrylonitrile rubber by using a low percentage (2-10 wt%) of POSS physically mixed to a conventional filler, silica NPs (30 wt%). They found that, after curing, the inclusion of POSS containing unsaturated reactive functionalities (i.e. vinylisobutyl, octavinyl, methacryloisobutyl and octamethacryl) via ex situ blending increases the crosslink density and the aging resistance of the elastomeric matrix, inducing an enhancement of the mechanical properties compared to reference nanoscaled silica. These issues prompted us to explore the possibility of benefitting from both the POSS cross-linking action and the reinforcement mainly governed by silica, by utilizing SiO 2 -POSS ''hybrid'' systems, where silica NPs and POSS are not simply mixed together, but belong to the same functional structure.
In this context, several attempts have been recently made to obtain silica-POSS functional materials. [32] [33] [34] However, the mechanism proposed for the functionalization with POSS appears rather unclear and convincing evidence about the anchoring of the nanocages onto the oxide surface has not been provided. Moreover, despite all the above cited endeavours, there are hardly any investigations that report the synthesis and application of SiO 2 -POSS hybrids as functional nanofillers for rubber composites.
For this reason a new hybrid SiO 2 -POSS nanofiller, named SiO 2 @POSS, has been here developed.
SiO 2 @POSS has been synthesized by silanization of commercial SiO 2 with methacrylsilane and successive grafting of small loadings of POSS via a surface reaction assisted by dicumylperoxide (DCP). The amount of peroxide was tailored in order to allow both the anchoring of the nanocages on the silica surface, under activation of the methacrylate groups 35 of silane and POSS units, and the preservation in the final hybrid structure of unreacted methacryl functionalities, still available for interaction with the polymer host. It is expected that the filler-polymer interaction may be driven by the large number of methacryl functionalities provided by the POSS nanocages. POSS grafting has been assessed by Attenuated Total ReflectionFourier Transform Infrared Spectroscopy (ATR-FTIR) and 13 C and 29 Si solid-state Nuclear Magnetic Resonance (NMR). Moreover, the presence of POSS nano-units on the SiO 2 surface has been observed by High Resolution Transmission Electron Microscopy (HRTEM).
SiO 2 @POSS hybrid NPs were used to prepare, by ex situ blending, styrene butadiene rubber (SBR) nanocomposites. The morphological and mechanical properties of SiO 2 /SBR@POSS nanocomposites, both uncured and cured by DCP, were investigated in detail and compared to those of nanocomposites obtained by physical mixing of SiO 2 , methacrylsilane and OctaMethacrylPOSS in the polymer matrix. This allowed connections among the peculiar hybrid structure of the novel filler, its efficacy in providing stronger interaction with rubber, and the enhancement of mechanical properties to be outlined.
Experimental

Materials
SiO 2 @POSS and ZnO@POSS synthesis. Silica Rhodia Zeosil MP1165, nanocrystalline ZnO were purchased from USP-1; OctaMethacrylPOSS (POSS) from Hybrid Plastics; 3-(trimethoxysilyl)-propylmethacrylate 98% (TMMS), DCP from Sigma-Aldrich.
Compounding. SBR SLR 4630 from Styron Europe GmbH had 25 wt% of styrene, 63 wt% of vinyl groups and 37.5 phr of aliphatic extension oil; antioxidant N-(1,3-dimethylbutyl)-N 0 -phenylp-phenylendiamine (6PPD) Santoflex-6PPD was purchased from Flexsys; zinc oxide from Zincol Ossidi; stearic acid Stearina TP8 from Undesa.
The solvent for swelling measurements was toluene (99.9%) purchased from Aldrich.
Preparation of SiO 2 @POSS hybrid filler
The SiO 2 @POSS hybrid filler was prepared by the double-step functionalization procedure described in Scheme 1.
In the first step (STEP 1), silica NPs were functionalized with TMMS according to previously reported procedures. [36] [37] [38] In detail, the silane was at first dispersed by ultrasound in methanol/water solution (4/1 v/v) and then hydrolyzed at room temperature for 2 h in the presence of a suitable amount of SiO 2 (30 phr, i.e. parts of hundreds of rubber). TMMS was used in the amount of 20 wt% with respect to silica. After 2 h, the silane functionalized NPs (SiO 2 -TMMS) were collected by centrifugation and the powders were washed several times with methanol and finally dried in an oven at 120 1C for 12 h. In STEP 2 SiO 2 -TMMS NPs were suspended in toluene (150 mL) and then POSS nanounits (3, 5 or 10 phr) were introduced in the solution. Successively, a suitable amount of DCP (2 wt%, molar ratio POSS/DCP = 20/1) was added and the suspension was refluxed for 2 h. The peroxide promotes the activation of the methacrylate groups of both silane and POSS units, favoring the anchoring of the nanocages onto the silica surface and their partial condensation to form, possibly, nanometric networks (see Scheme 1, STEP 2). 34 Finally, the obtained SiO 2 @POSS powders were filtered, washed several times with toluene and dried in oven at 120 1C in air for 12 h.
Hereafter, the different SiO 2 @POSS fillers will be labeled as SiO 2 @POSS-X which indicates 30 phr of SiO 2 and where X refers to the different loadings of OctaMethacrylPOSS (X = 0, 3, 5 or 10 phr).
To further prove the validity of the anchoring procedure of POSS units on the filler surface, STEP 1 and STEP 2 were repeated by selecting a different oxide substrate, which does not display IR-absorption bands in the same spectral region of silane and POSS. In detail, commercial crystalline ZnO NPs were utilized for producing ZnO-TMMS and ZnO@POSS-10 hybrid NPs.
Preparation of uncured and cured SBR/SiO 2 @POSS nanocomposites
In order to prepare uncured rubber nanocomposites, SiO 2 @POSS hybrid fillers and SiO 2 -TMMS were mixed by ex situ blending with SBR in a BrabenderPlasti-corder lab station (mixing chamber of 50 mL, filling factor of 0.7) according to the two-step procedure shown in Scheme 2.
SBR polymer (32.0 AE 0.5 phr) was first introduced into the mixer and plasticized for 30 seconds at 60 RPM at 145 1C, then the filler (SiO 2 @POSS hybrid fillers or SiO 2 -TMMS) was introduced, mixed for about 4 minutes and then discharged.
Vulcanization chemicals were then added to the obtained composites in two further steps. Firstly, stearic acid (2 phr), zinc oxide (3.5 phr) and 6-PPD (2 phr) were mixed with the obtained composites at 60 rpm for 5 min at 145 1C. Successively, DCP (1.5 phr) was introduced at a working temperature of 90 1C and by mixing at 60 rpm for 3 min.
The ensuing composites were further milled for 2 min in a two open roll-mill to produce sheets about 0. In order to find a relation between the peculiar structure of the SiO 2 @POSS hybrid filler and the features of the resulting composites, the properties of SBR/SiO 2 @POSS-X, both uncured and cured, were compared to those of nanocomposites prepared by an in situ procedure: SiO 2 , TMMS and OctaMethacrylPOSS were fed into the same polymer matrix under the same experimental conditions (i.e. curing chemicals, temperature, rotor speed) described above.
Uncured and cured SBR/SiO 2 + POSS composites were prepared by blending SBR with a filler mixture composed by SiO 2 Rhodia (30 phr), a TMMS coupling agent (2 phr) and different loading of MethacrylPOSS. These composites before and after curing are labelled as SBR/SiO 2 + POSS-X and C-SBR/SiO 2 + POSS-X, respectively. X refers to the different amounts of OctaMethacrylPOSS (X = 0, 3, 5, or 10 phr). C-SBR/SiO 2 + POSS-0 thus corresponds to a composite prepared by mixing SiO 2 and TMMS.
Characterization of SiO 2 @POSS nanofillers
To preliminarily check the silica functionalization with TMMS and, successively, with POSS nanounits ATR-FTIR measurements were performed on a Perkin Elmer Spectrum 100 instrument (1 cm À1 resolution spectra, 650-4000 cm À1 region, 16 scans). To quantitatively assess the TMMS and POSS grafting onto silica surfaces, Thermo Gravimetric Analysis (TGA) measurements before and after the double-step functionalization procedure were performed. TGA thermograms were collected by a Mettler Toledo TGA/DSC1 STARe System, at a constant gas flow (50 cm 3 min À1 ). The sample powders were heated in air from 30 to 1000 1C. The thermal profile was the following: 30-150 1C at 2 1C min
À1
; dwell at 150 1C for 120 min; 150-1000 1C at 5 1C min
. TGA curves were used to determine the temperature-dependent mass loss of the functionalizing agents, giving an indication of their interaction with the silica surface.
Nitrogen physisorption measurements on SiO 2 Rhodia NPs were carried out by a Quantachrome Autosorb-1 apparatus. The specific surface area (SSA BET , BET method) was measured after evacuation at 150 1C for 16 h.
Morphological characterization of SiO 2 @POSS-X powders was performed on a Jeol 3010 HR-TEM operating at 300 kV with a high-resolution pole piece (0.17 nm point to point resolution) and equipped with a Gatan slow-scan 794 CCD camera. The powders were suspended in isopropanol, and a 5 mL drop of this suspension was deposited on a holey carbon film supported on a 3 mm copper grid for TEM investigation.
Hybrid SiO 2 @POSS-X nanofillers were also characterized by solid-state NMR in order to confirm the effective surface functionalization. Multinuclear solid state NMR analyses were carried out with a Bruker 400WB spectrometer operating at a proton frequency of 400.13 MHz. MAS NMR spectra were acquired with cross polarization (CP) sequences. 13 In order to evaluate the cross-linking density of the cured nanocomposites, the volumetric fraction of the swelled rubber V r was calculated according to the following equation:
where: m 0 and m d are the mass of the composite specimen before and after swelling/extraction experiments, respectively; m so = (m sw À m d ) is the weight of the solvent in the swollen mass; m sw is the weight of the swollen mass; r p = 0.94 g cm À3 is the SBR density; r s = 0.87 g cm À3 is the toluene density; f is the fraction of the filler in the composites, as determined by TGA. The cross-link density n, i.e. the number of network chains per gram bound on both ends by crosslinks, was calculated according to the Flory-Rehner equation:
where V s = 105.91 is the molar volume of toluene and w is the Flory solvent-polymer interaction term, which is 0.472 for toluene-SBR. 39 The experimental uncertainty on the calculated n values does not exceed AE10%.
Dynamic-mechanical analysis
Dynamic mechanical measurements on both uncured and cured SiO 2 @POSS-X and SiO 2 + POSS-X nanocomposites were performed by a Rubber Process Analyzer (RPA2000, Alpha Technologies) by applying a shear stress mode. The strain sweep tests of uncured samples were carried out at 70 1C and 1 Hz from 2 to 100% of elongation. Those of the cured samples were performed at 70 1C and 10 Hz from 2 to 10% of elongation. The same mechanical characterization was also performed on SBR/ SiO 2 @POSS-X and C-SBR/SiO 2 + POSS-X composites. Specimens were cut by using a Constant Volume Rubber Sample Cutter (CUTTER 2000, Alpha Technologies); the dimensions were 3.5 cm diameter and E0.2 cm thickness, and the weight was 4.5 AE 0.3 g. Two measurements were carried out for each sample, and the average value of the dynamical mechanical characteristics was reported.
Results
Spectroscopic and morphological characterization of the hybrid SiO 2 @POSS nanofiller
The efficacy of the silica functionalization with TMMS and, successively, with POSS nanounits was preliminarily checked by FT-IR spectroscopy (Fig. 1) . Fig. 1a reports the comparison among the spectra of pure TMMS, bare SiO 2 and SiO 2 -TMMS, obtained after STEP 1 in Scheme 1.
As reported in several previous studies, [41] [42] [43] the spectrum of TMMS shows the following main bands (Fig. 1a, bold For unmodified SiO 2 (Fig. 1a, black line) , the very broad absorption between 3600-3200 cm À1 attributable to the stretching of OH groups from physically absorbed water, the band of the Si-O-Si stretching vibrations at 1090 cm À1 , and the band at 960 cm À1 due to Si-OH stretching are noticeable. The spectrum of SiO 2 -TMMS (Fig. 1a, blue line) (very weak) deriving from CQO and CQC stretching of the TMMS methacryl group. Moreover, a weak shoulder at 1210 cm À1 related to the -C-CO-O-skeletal vibration from the methacryloxy group of the silane is detectable. [41] [42] [43] It can be also observed that the -Si-OH stretching at 960 cm À1 gradually decreases in intensity compared to SiO 2 , probably due to the formation of Si-O-Si bonds resulting from the condensation reactions between the alkoxy groups of TMMS and the surface hydroxyl groups of silica.
These results suggest the effective silanization of SiO 2 particles by TMMS.
To obtain SiO 2 @POSS, SiO 2 -TMMS NPs were then reacted with POSS assisted by DCP (STEP 2, of Scheme 1), which should promote the activation of the methacrylate groups of both silane and POSS units, favoring the anchoring of POSS on the oxide surface.
The FT-IR spectra of pristine POSS, SiO 2 -TMMS and the obtained SiO 2 @POSS-10 hybrid filler are reported in Fig. 1b . For pure POSS (Fig. 1b, bold black-line) , the observed bands have been attributed to the C-H stretching vibration of methyl and methylene groups at 2950 and 2890 cm À1 ; to the CQO and CQC stretching of POSS methacryl groups 44 at 1710 and 1640 cm À1 , respectively; and to the Si-O stretching vibrations typical of the POSS cage at 1090 cm
À1
. As expected, since the typical absorption bands of the POSS cages overlap the stretching and bending vibrations of silica and TMMS, the spectra of the SiO 2 @POSS-10 hybrid filler and SiO 2 -TMMS are very similar (Fig. 1b, red and blue line respectively), in spite of the functionalization with POSS. Analogous results have been attained for SiO 2 @POSS-3 and SiO 2 @POSS-5 hybrid nanofillers. 
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Thus, in order to assess the anchoring of POSS units on the filler surface, STEP 1 and STEP 2 were repeated by selecting a different oxide substrate, which does not display IR-absorption bands in the same spectral region of silane and POSS. We utilized commercial crystalline ZnO NPs, 45 since it has been demonstrated that TMMS can be efficiently bonded to ZnO through hydrolysis and condensation reactions similar to those occurring in silica. 41, 44 The FT-IR spectra of pure ZnO, ZnO-TMMS and ZnO@POSS-10 NPs are reported and described in Fig. S1 of the ESI. † In detail, the spectrum of ZnO-TMMS (Fig. S1a , ESI †) reveals the characteristic absorption bands of the silane linked on the oxide surface. After reacting with POSS, the methacryloxy group vibrations (nCQO, and -C-CO-O-skeletal vibration) and the Si-O-C stretching of ZnO-TMMS increase in intensity (Fig. S1b,  ESI †) . These results, beyond indicating the effective POSS functionalization of the ZnO NPs, can be considered an indirect probe of the efficacy of the functionalization route in providing the anchoring of POSS nanounits on the silica surface.
To quantitatively assess the silica functionalization, TGA analysis was performed on SiO 2 -TMMS, SiO 2 @POSS-10 and on naked silica NPs (Fig. S2, ESI †) . In detail, the total amount of TMMS grafted onto SiO 2 was evaluated by the net weight loss of SiO 2 -TMMS between 180 1C and 980 1C, i.e. considering the total weight loss with exclusion of that associated to bare SiO 2 (i.e. 3.860 wt%). The quantity of POSS units in SiO 2 @POSS-10 was similarly calculated subtracting the contributions of both SiO 2 and TMMS from the total weight loss.
Moreover, assuming that the functionalizing agents were equally distributed on the silica surface and referring to the BET surface area of SiO 2 (SSA BET = 168.6 AE 3.4 m 2 g À1 , see ) was also estimated ( Table 1) . The obtained results confirm the functionalization of silica with silane in SiO 2 -TMMS and, though to a lower extent, with POSS nanounits in SiO 2 @POSS NPs (Table 1) .
Further evidence of the POSS functionalization on the SiO 2 surface was provided by solid state NMR investigation of SiO 2 -TMMS and SiO 2 @POSS samples. The Q-unit region of the CPMAS spectrum of the SiO 2 -TMMS sample (Fig. 2, bottom) displays the complex resonance of the SiO 2 phase, resulting from the overlapping of three components at À92.2 (Q 2 ), À100.5 (Q 3 ) and À110.1 (Q 4 ) ppm, respectively. The TMMS functionalization of the SiO 2 particles is proved by the resonance at À55.7 ppm due to the T 2 units and the very weak signal at À66.5 ppm assigned to the T 3 units.
In the CPMAS spectra of SiO 2 @POSS-3 and SiO 2 @POSS-10 ( Fig. 2) , the features of the Q units appear unchanged, whereas the signals of the T units strongly increase in intensity compared to SiO 2 -TMMS.
It is not possible to distinguish the T units of TMMS from those of POSS since they present the same chemical shift. 46 However, the POSS molecules contribute in particular to the T 3 resonance, in agreement with their structure. Therefore, the increase of the T 3 /T 2 ratio in SiO 2 @POSS-10 in comparison to SiO 2 @POSS-3 and, in particular, to SiO 2 -TMMS is a clear indication of the effective POSS grafting onto the surface of the functionalized silica NPs. In order to get information on the interactions among the acrylate functions of TMMS and POSS in the final hybrid nanofillers, 13 C CPMAS NMR investigation was performed on SiO 2 @ POSS-X NPs. In particular, the spectrum of SiO 2 @POSS-10 is shown in Fig. 3 . The liquid NMR spectrum of the pristine TMMS (with the labelling scheme and the signal assignment based on previous reports 46 ) is also reported for comparison (Fig. 3, top) . The polymerization among the acrylate functionalities of TMMS and POSS, activated by DCP, leads to the appearance in Si CPMAS NMR spectra of SiO 2 -TMMS and SiO 2 @POSS-X (X = 3, 10 phr of POSS).
the SiO 2 @POSS-10 spectrum of the peak 2a at 45 ppm and to a broad signal in the range of 52-56 ppm (1a), both attributable to -CH 2 -based chains formed through polymerization. Moreover, the downfield shift (of about 8 ppm) of the carbonyl peak 4, compared to the resonance found at 167.2 ppm in the unreacted acrylate chain, such as in pristine TMMS, further confirms the successful reaction between organosilane and nanocages. These results further substantiate the anchoring of POSS onto the functionalized silica surfaces.
Despite the poor S/N ratio, in SiO 2 @POSS-10, residual weak signals in the range of 110-150 ppm may suggest the presence of residual CQC bonds (signals at 125.1 and 137.4 ppm, respectively), which could be available for the cross-linking reactions with rubber chains during the curing of the composites. In order to prove this hypothesis, a SiO 2 @POSS-10 sample prepared by using an excess of DCP, for improving the condensation of the methacrylate functions, was investigated (SiO 2 @POSS-10-E, Fig. 3 bottom) . The obtained spectrum displays an almost flat profile in the CQC region, supporting the idea that in the SiO 2 @POSS-10 hybrid sample, unreacted methacrylate functionalities are still present.
In summary, the NMR study points out the effective grafting of POSS molecules on SiO 2 -TMMS NPs and the expected presence of residual methacrylate groups available for interaction with rubber.
The morphology of SiO 2 @POSS NPs was investigated by TEM and compared to that of bare silica (Fig. 4) . Images show that pure SiO 2 is constituted by large agglomerates where the NPs are highly aggregated, due to their polar surfaces (Fig. 4a) . At higher magnifications, the NPs assume an almost elongated shape and an average diameter ranging between 15 and 20 nm (Fig. 4c and e) . 
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After functionalization with POSS units (SiO 2 @POSS-10, as a representative example), the silica NP morphology does not change significantly (Fig. 4b) . However, going more in depth into the image observation, the NP boundaries appear less defined than in pure silica (Fig. 4d and f) . These effects may be related to the presence of POSS domains, which create a surface shell on the particle surface.
Since both SiO 2 and POSS are amorphous, it is tricky to associate the less defined boundaries of the SiO 2 @POSS-10 images to the presence of POSS nanounits. Thus, in order to observe the effect of the functionalization on the filler surface features, in analogy with the IR investigation, the TEM analysis was carried out also on the ZnO@POSS-10 sample, constituted by highly crystalline ZnO NPs (Fig. 5a ) functionalized with POSS nanocages.
In this case, the TEM images of ZnO@POSS-10 NPs (Fig. 5b ) reveal thin and irregular amorphous layers surrounding and partially connecting the nanocrystals, attributable to the presence of nanometric aggregates of POSS units. This again supports the efficacy of the functionalization procedure in favoring the anchoring of POSS on the oxide surface.
Characterization of SBR/SiO 2 @POSS and SBR/POSS + SiO 2 nanocomposites
The morphology of the nanocomposites and the filler dispersion were investigated by TEM for both cured and uncured samples obtained by incorporating in SBR the hybrid filler SBR/ SiO 2 @POSS-X and for the mixture of SiO 2 , TMMS and POSS (i.e. SBR/SiO 2 + POSS-X). As representative examples, the images collected for uncured SBR/SiO 2 @POSS-10 and SBR/SiO 2 + POSS-10 samples are reported in Fig. 6 . SBR/SiO 2 @POSS-10 is constituted by very compact and large NP agglomerates, which have micrometric dimensions and are inhomogeneously distributed through the rubbery matrix (Fig. 6a) . This irregular organization generates regions in which the rubber is constrained (inset Fig. 6a) . However, the presence of wide areas lacking in filler particles can be detected (Fig. 6c) .
Conversely, in SBR/SiO 2 + POSS-10, the filler distribution is rather continuous and homogeneous (Fig. 6b) , with silica NPs organized in sub-micrometric or even nanometric agglomerates (Fig. 6d) .
The better dispersion observed in this sample may be tentatively ascribed to the larger amounts of TMMS and POSS nanounits available during the mixing procedure, in comparison to those effectively grafted onto the surface of silica in SiO 2 @POSS filler, as assessed by TGA investigation. The TEM images of the cured samples reported in Fig. 7 show a more continuous and homogeneous nanofiller network after curing. This is particularly evident for C-SBR/SiO 2 + POSS-10, where silica NPs form small nanometric aggregates (Fig. 7b) , which are very uniformly dispersed in the matrix and only partially 
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Materials Chemistry Frontiers interconnected (Fig. 7d ). Although an improved particle distribution is detectable also for C-SBR/SiO 2 @POSS-10, the sample still exhibits micrometric NPs agglomerates and filler-free zones (Fig. 7a and c) . However, these agglomerates appear less dense than those showed by the uncured composite (see Fig. 6a ), and some thin rubbery regions separating the NPs aggregates are noticeable (inset in Fig. 7a ). This enhancement of the filler dispersion observed after curing may be related to the further mixing steps and to the DCP action, 35 which activates the reaction between the methacryl groups of both TMMS and POSS and the rubber vinyl functionalities, leading to an increased cross-linking of elastomer chains and to the possible immobilization of rubber chains in between the NPs aggregates. Swelling experiments were performed on C-SBR/SiO 2 @POSS-X and C-SBR/SiO 2 + POSS-X composites, in order to evaluate the cross-linking induced by the introduction of POSS nanocages.
The n value was determined according to the Flory-Rehner eqn (2) 39,40 and the results are summarized in Fig. 8 . For the C-SBR/SiO 2 @POSS-X samples, the reticulation degree generally increases with the POSS loading, becoming remarkable for C-SBR/SiO 2 @POSS-10. Conversely, the n values for C-SBR/SiO 2 + POSS-X nanocomposites for X = 5 and 10 are only slightly higher than those calculated for the reference sample (C-SBR/SiO 2 + POSS-0, not including POSS), while they are definitively lower than those of C-SBR/SiO 2 @POSS-X. These outcomes may be explained by referring to the peculiar morphological properties of the composites. In C-SBR/SiO 2 @ POSS-X nanocomposites, POSS nanocages are anchored to the SiO 2 NPs inducing the formation of a tight filler network, in which thin rubbery regions separate the NP aggregates (see Fig. 7a and c) . This may favor an enhanced immobilization of rubber in proximity to the NP surface, resulting in a high crosslinking density.
Instead, when POSS is mixed with silica within the rubber matrix (i.e. C-SBR/SiO 2 + POSS-X samples), the synergism between POSS and filler NPs in providing immobilized rubber seems partially hindered, since more dispersed and only partially interconnected aggregates are detected (see Fig. 7b and d) . Accordingly, lower cross-linking density values are obtained for these composites.
These results gather more relevance if we consider that the amount of POSS nanounits effectively grafted onto the silica surface in SiO 2 @POSS (see TGA investigation) is lower in comparison to that present during the mixing procedure for preparing C-SBR/SiO 2 + POSS-X samples.
Dynamic-mechanical analysis
The dynamic mechanical characterization of all uncured and cured composites was carried out by RPA. Their performances in terms of reinforcement were determined and compared to those of the composites prepared without POSS (i.e. SBR/SiO 2 @POSS-0 and SBR/SiO 2 + POSS-0 samples), in order to evaluate the effect of POSS nanocages on the final material properties.
The trends of the storage modulus (G 0 ) as a function of strain, for uncured SBR/SiO 2 @POSS-X and C-SBR/SiO 2 @POSS-X rubber composites, are reported in Fig. 9 . Before curing (Fig. 9a) , the anchoring of POSS nanounits onto SiO 2 NPs, even in a low amount (3 phr), leads to a significant increase of the modulus at low strain (G 0 0 ) if compared to SBR/ SiO 2 @POSS-0. Following the widely accepted mechanistic interpretation that the Payne effect is related to the breakdown of the filler network upon oscillatory shear, 8 the higher G 0 0 values obtained in the presence of SiO 2 @POSS hybrid particles point to a greater reinforcing effect. This behavior may be connected to the peculiar filler networking in the SBR/SiO 2 @POSS composites, where compact micrometric agglomerates are inhomogeneously distributed within the rubbery matrix, generating regions in which rubber is constrained (see Fig. 6 ). These features provide on one hand remarkable filler-filler interactions (i.e. high G 0 0 values) and, on the other, may favor the interaction between the polymer and the filler albeit weak before curing.
At the highest deformation, the modulus (G N 0 ) is very similar for all the composites (Fig. 9a) , regardless of the POSS loading. This means that the differences in reinforcement are less effective once the network is broken down. Usually, at high strain, only a particular surface reactivity can originate different mechanical characteristics of the samples, as the particles are supposed to be not mutually interacting. In the present case, the trend observed for the SBR/SiO 2 @POSS-X samples may be connected to the presence of POSS methacryl functionalities which, before the DCP curing activation, are not able to chemically interact with the polymer chains.
The impact of POSS introduction on the mechanical properties of uncured SBR/SiO 2 @POSS-X and SBR/SiO 2 + POSS-X composites was also studied by monitoring the dependence of the loss modulus (G 00 ) on the strain (Fig. S4, ESI †) . 47 G 00 is connected to the rates of network breakdown and re-assembly. In general, at low strain, the network is still able to reorganize after each deformation, and the composite shows a behavior which affects the G 00 values. Instead, at high deformations, the strain amplitude is high enough to destroy the filler network, and the influence on G 00 becomes negligible. 47 Thus, loss modulus vs. strain curves allow the maximum strain at which the composite is able to withstand the mechanical solicitation without fracture of the filler network to be identified. The higher the G 00 values and the strain at which G 00 is maximum, the more compact the network. In the investigated composites, SBR/SiO 2 @POSS-10 shows a broad maximum at strain located at B30% and the highest G 00 values, while SBR/SiO 2 + POSS-10 and the composites without POSS display lower loss modulus and maxima located at strain o10% (Fig. S4, ESI †) . These issues endorse the ability of SiO 2 @POSS particles in promoting the formation of a compact particle network, which encloses rubbery regions, as assessed by TEM investigation (Fig. 6a and c) .
After curing (Fig. 9b) , a marked increase of the modulus either at low or at high strain, i.e. a considerable decrease of the Payne effect, is observed for all the composites. This is much more relevant for the samples containing POSS nanounits and increases as a function of their concentration, resulting in the highest G 0 0 and G N 0 values for the C-SBR/SiO 2 @POSS-10 nanocomposite. In general, these issues can be associated with the DCP action, which initiates the reaction between POSS methacryl groups and rubber vinyl functionalities, leading to effective 3-D cross-linking. 35 More in depth, the moduli improvement and the reduced hysteresis in C-SBR/SiO 2 @POSS-X can be discussed in terms of polymer interactions with the silica NP network.
As evidenced by TEM images, the SiO 2 @POSS filler is constituted by silica aggregates which are partially connected and surrounded by a thin POSS amorphous shell. Thus, it can be argued that the cross-linking action promoted by nanocage functionalities is localized on the surface or even inside the SiO 2 aggregates. This may cause an enhanced immobilization of the polymer chains near the NPs' surface or within their network (see Scheme 2), upgrading the mechanical reinforcement of the composites. These ideas are sustained by the morphology of the C-SBR/SiO 2 @POSS-10 composite, where thin rubbery regions connect the filler aggregates (see Fig. 7a and c) and also by the higher degree of cross-linking for C-SBR/SiO 2 + POSS-X revealed by swelling.
Finally, the mechanical behaviours of SBR/SiO 2 @POSS-X, both uncured and cured, were compared to those of SBR/SiO 2 + POSS-X composites, in order to highlight the role of the hybrid filler NPs in providing enhanced functional properties. In particular, Fig. 10 reports the G 0 vs. strain plots for SBR/SiO 2 @POSS-10 and SBR/SiO 2 + POSS-10 nanocomposites. Before curing, the G N 0 values are very similar for all the composites (Fig. 10a) . Instead, while no significant differences can be detected between SBR/SiO 2 + POSS-10 and its reference sample SBR/SiO 2 + POSS-0, a high G 0 0 is measured for the composite prepared with the hybrid filler. As described above, the performance of SBR/SiO 2 @POSS-10 can be attributed to the compact filler network generated by SiO 2 @POSS NPs within the polymer matrix.
The DCP curing leads to an expected decrease of the Payne effect for all the composites, as a result of the modulus increase either at low or at high strain (Fig. 10b) . In general, both C-SBR/ SiO 2 @POSS-10 and C-SBR/SiO 2 + POSS-10 display outstanding reinforcement and much lower Payne effect in comparison to the composites containing exclusively silica and TMMS. Similar trends have been obtained for the composites with lower POSS loadings. These results point out that the introduction of a low amount of OctaMethacrylPOSS in rubber composites of silica silanised with methacryl silane cured with DCP provides mechanical properties which are significantly superior to those commonly reported in the literature. 24 Interestingly, it must be observed that C-SBR/SiO 2 @POSS-10 exhibits better performance than the C-SBR/SiO 2 + POSS-10 nanocomposite. The higher capability of the hybrid nanofiller in upgrading reinforcement and remarkably decreasing the hysteretical losses may derive from the peculiar surface functionalization with POSS nanounits which, through the high number of reactive functionalities, promotes enhanced networking and the formation of ''sticky regions'' among the silica aggregates, immobilizing both filler and rubber, and affording a relevant increase of the mechanical properties.
In C-SBR/SiO 2 + POSS, POSS units are likely grafted to silica NPs, though with a lesser extent than in C-SBR/SiO 2 @POSS. We suggest that, in this case, POSS nanounits may interact again with the filler exerting their cross-linking close to the filler surfaces and contributing to the networking, but direct interaction among ''free'' POSS nanounits and polymer chains may also occur. This leads to the presence of more dispersed and less compact filler aggregates (see TEM images), and to a lower cross-linking density, resulting in a partial depletion of the functional properties of the composites.
In summary, the overview of the mechanical behavior of SBR/SiO 2 @POSS-X and SBR/SiO 2 + POSS-X nanocomposites suggests that the utilization of a small amount of POSS nanounits, particularly when anchored onto the silica surface, may be a promising approach for effectively improving the features of rubber composites and for a potential reduction of filler loading.
Conclusions
A novel hybrid nanofiller, SiO 2 @POSS, where silica NPs and POSS belong to the same functional structure, has been synthesized by grafting different loadings of OctaMethacrylPOSS onto silanized commercial SiO 2 , using a surface reaction mediated by DCP. As assessed by FT-IR, and solid-state NMR, the peroxide, besides providing the anchoring of the nanocages on the silica surface, ensures the presence of methacryl functionalities still available for cross-linking reactions with a polymer host in the final hybrid structure.
These hybrid NPs were used to prepare, by ex situ blending, SBR nanocomposites. The dynamic-mechanical analysis performed on the cured SBR/SiO 2 @POSS composites, indicated that the presence of POSS, even at very low loadings (5 phr), induces a remarkable increase of the modulus either at low or at high strain and a considerable decrease of the hysteresis. Moreover, by comparing the performances of SBR/SiO 2 @POSS-X with those of nanocomposites obtained by simple addition of SiO 2 and POSS in the polymer matrix, it turned out that the silica grafting with POSS determines a more positive effect on the mechanical properties, even for the uncured systems.
This has been associated with the peculiar structure of the hybrid filler. In fact, SiO 2 @POSS is constituted by silica NP aggregates partially interconnected and decorated by POSS nanounits which, thanks to the high number of reactive functionalities, promote a cross-linking action at the surface or even inside these aggregates. This fosters, upon introduction of SiO 2 @POSS in the rubber matrix, the formation of a tight filler network which immobilizes filler and rubber, affords a relevant reinforcement and improves the hysteretic properties. In summary, all the results suggest that SiO 2 @POSS can be a promising system, which grants the transfer of the advanced properties of POSS nanounits to the final nanocomposites, leading also to a potential reduction of filler utilization in the rubber formulation.
Although this work focuses on rubber nanocomposites, we expect that the presented hybrid filler may provide new scientific and technological opportunities for designing other advanced polymer nanocomposites, which require remarkable mechanical strength and low deformability, simultaneously.
